Electron paramagnetic resonance (EPR) spectra of trivalent gadolinium have been investigated in orthorhombic sulfate host crystals MeS0 4 with Me = Sr, Ba, Cd, Hg, Pb and K 2 S0 4 . Because of the low symmetry of the host crystals and the spin quantum number 7/2, complex spectra for several orientations of the magnetic field containing a large number of individual lines had to be analyzed. The spin Hamiltonian parameters have been rigorously determined from the rotational diagrams. Gd 3+ has been found to substitute, first of all, for the monoclinic sites of the host metal ion with charge compensation at larger distances. To a small extent, charge compensation in the vicinity has also been observed, arising from additional centres and spectra with lower intensities. Correlations between EPR spectra and crystal structure are reflected in the values of the zero field splitting parameters.
Introduction
Electron paramagnetic resonance (EPR) spectroscopy of transition metal or rare earth ions in diamagnetic host crystals is a powerful technique to study local structures and to probe crystalline electric fields. Based on the splitting of groundstates in magnetic and crystalline electric fields, EPR displays in particular zero field splitting (ZFS) information which depends greatly on the environment and site symmetry of the paramagnetic guest. Size and sign of the ZFS parameters cover a large range depending sensitively on the details of the particular system. Trivalent gadolinium guest ions in diamagnetic crystals are of both scientific and technological interest, for instance in LASER materials. Gd 3 + has seven unpaired electrons with total spin S = 7/2 and a 8 S 7/2 groundstate. EPR spectra are therefore distinguished by a large number of individual transitions. Most studies have so far been made on Gd 3+ guest ions incorporated in highly symmetric crystals, at least with tetragonal structure. In host crystals with low symmetry, a still larger number of signals has to be expected and the analysis of the complex spectra means a particular challenge for the spectroscopist. To our knowledge, to date no EPR measurements on Gd 3+ in orthorhombic sulfates MeS0 4 with Me = Sr, Ba, Cd, Hg, and Pb or K 2 S0 4 have been reported. All these compounds show orthorhombic crystal structure with a monoclinic site symmetry of the metal ion;
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single crystal spectra for several orientations of the magnetic field are required. Powder spectra can only be used for determining the spin Hamiltonian parameters in exceptional cases if some information on the site symmetry is already available.
In this purpose of this study to determine the spin Hamiltonian parameters rigorously by least-squares computer fitting procedures and diagonalizing the matrix. A large number of resonances measured for several orientations of the crystals in the magnetic field was to be evaluated during the fitting procedure. From the spin Hamiltonian parameters, especially from the ZFS, information such as incorporation of the paramagnetic ions, defect structure, symmetry of various centres and charge compensation mechanisms was expected. The experimental procedures were similar to those in two preceding papers on EPR of Tb 4 + in host crystals with zircon structure [1] and of Cr 3 + and Fe 3+ in langbeinites [2] . Single crystals of gadolinium doped K 2 S0 4 were obtained by slow evaporation from aqueous solution over seven to ten days in the presence of 0.5 mol% Gd 3 + .
Experimental Details

Sample Preparation
Crystal Structure
All samples showed an orthorhombic crystal structure with the metal ion occupying a monoclinic site. The space groups are Pnma (no. 62 using the Schönfließ notation) for the isomorphous sulfates of Ba, Sr, Pb with four crystallographic identical metal ions per unit cell [6, 7] , Pn2!m (no. 31) for the isomorphous sulfates of Cd and Hg with two crystallographically identical metal ions per unit cell [8] and Pnam (no. 62) for K 2 S0 4 with two groups of two crystallographically identical K + -ions each, denoted by a and ß [9] . The monoclinic axes perpendicular to a mirror plane, which is the highest symmetry element in these crystal structures, are the 6-axis (Ba, Sr, Pb) and the c-axis (Cd, Hg, K), respectively.
EPR Spectroscopy
The EPR data were collected on a conventional Bruker ESP 300 X-Band (9-10 GHz) spectrometer. Temperature dependent measurements down to 77 K were made by applying a liquid nitrogen flux system. For measurements at 77 K a liquid nitrogen quartz dewar was used and below 77 K a closed cyclic Helium cryostat.
Measurements of the magnetic field strength were made using a proton NMR gaussmeter while either a picein standard sample (g = 2.0041 (1)) [10] or an electronic microwave frequency controller was used to determine the X-band microwave frequency.
The single crystal samples were mounted on a quartz glass rod and could be rotated around their magnetic axes which proved to be not identical with their crystallographic axes. Detailed measurements of the angular dependence of the spectrum were carried out in steps of 2°, whereas the simulations were calculated in 1° steps. (Figure 1 ). Using homemade programs, the spectra could be fitted to the monoclinic spin Hamiltonian [11] j? = p B B 0 gs+ x £ B:o: a) n = 2 m = -n with an effective electronic spin $ of 7/2, the Bohr Magneton p B , the Stevens Operators O™ and the ZFS parameters B™, which were determined experimentally (m < n; 0° shifts all terms equally and does not need to be considered; terms with odd n disappear due to time reversal symmetry).
Data Analysis
Results
The rotational diagrams of all substances revealed monoclinic spectra, a fact which is indicated by the appearance of two symmetry spectra due to two magnetically inequivalent sites of Gd 3 + . The magnetic principal axes system, defined as z, y, x in order of decreasing crystal field splitting, and the crystallographic axes system a, b, c do not coincide. Only one magnetic and one crystallographic axis coincides, whereas the other axes lying in the same plane are twisted around a certain angle. Table 1 . Zero field splitting (ZFS) parameters ofGd 3+ in the various host crystals derived from single crystal EPR spectra. The Eulerian angles describe the location of the magnetic principal axes (x, y, z) of Gd 3+ in the crystal (a, b, c). angle/degree angle/degree 3+ in Sulfate Host Crystals of Low Symmetry
As usual, the hyperfine structure of the two gadolinium isotopes 155 Gd and 157 Gd (both / = 3/2) could not be detected in the spectra. The g values of all compounds proved to be nearly isotropic with g = 1.99; they are therefore not listed explicitly in the following tables which present the results. The orientation of the magnetic axes in the laboratory system, i.e., the axis system of the applied magnetic field, is described by Eulerian angles. The first angle rotates the sytem about the z axis, the second are about the new y axis and the third one about the new z axis.
The spin-Hamiltonian parameters B™ are smaller than the precision of the computing. The other constants Bj and ß 4 were accurately determined. They are presented in Table 1 together with the measured Eulerian angles.
BaSO±: Gd 3 + , SrS0 4 : Gd 3 +
Rotational diagrams of both substances were measured about three crystallographic axes. A representative single crystal spectrum for a fixed orientation B 0 nearly parallel to the magnetic z axis is shown in Figure 1 . A rotation of the crystal about the crystallographic b axis, which is in this case the monoclinic axis and which coincides with the magnetic z axis, is shown in Figure 2 . The angle between the x and the a axis in the plane is nearly 7° for BaS0 4 :Gd 3+ and 30°
for SrS0 4 :Gd 3 + . Two symmetry spectra are clearly recognizable and the zero field splitting is small compared with the Zeeman splitting. The absolute sign of the ZFS was determined by low temperature measurements at a fixed orientation of the crystal. Then, the relative intensities of the signals at high magnetic field increase more than the intensities of the signals at low magnetic field (see example spectrum in Figure 1 ). This experiment indicates a positive sign of the ZFS tion of the magnetic axes in the crystal is identical. The crystallographic c and the magnetic y axes coincide and the magnetic z and x axes are 45° apart from the a and b axes in the plane. Therefore, the magnetic z axis of the first symmetry spectrum and the x" axis of the second symmetry spectrum coincide, and two equal maxima appear in the rotational diagrams during a rotation of the crystal about c and y, respectively ( Figure 4) . The extra signals in the measurement are produced by Gd 3+ with a triclinic surrounding. Here the ZFS is not small in comparison with the Zeeman splitting so that eight instead of seven allowed signals appear in the spectra.
The absolute sign of the ZFS is positive for CdS0 4 The magnetic x and y axis in HgS0 4 :Gd 3+ exchange their positions when lowering the temperature. At room temperature the z and x" axes coincide whereas at 77 K the z and y" axes coincide (Eulerian angles in Table 1 ). At 295 K the x and y axis are identical and Gd 3+ is ideally axially surrounded by its ligands. This could be concluded from powder measurements at low temperatures and pursuing the signal positions of a selected x and y signal, which coincide at 259 K into one ( Figure 5 ).
K 2 SO A : Gd 3 +
The a and ß K + sites are equally occupied by Gd 3 + ions. Each of the two crystallographically non-identical K + sites contains two magnetically non-identical Gd 3 + . As a result, instead of seven expected signals four times as much signals appear. In the spectra, the axial ZFS parameter B 2 is identical for both crystallographic sites, whereas the equatorial parameter B\ The absolute sign of the ZFS is negative, as determined from measurements at temperatures down to 100 K. With decreasing temperature the spectra exhibit a linear spreading. No discontinuity and hence no phase transition, as reported in [12] , could be detected in the temperature region from 298 K to 100 K.
Discussion
Incorporation of Gd 3 +
Trivalent gadolinium substitutes in all samples for the divalent and monovalent metal ion, respectively. This can be concluded from the appearance of two symmetry spectra in the rotational diagrams due to 3+ in Sulfate Host Crystals of Low Symmetry two magnetically inequivalent gadolinium sites. This indicates in an orthorhombic crystal lattice a monoclinic site of the impurity ion [13] , and the only monoclinic site here is the site of the host metal ion.
The location of the principal axes system of the Gd 3 + ions in the crystal lattice was also obtained. One axis coincides with the monoclinic axis of preference, i.e., y || c for CdS0 4 , HgS0 4 and K 2 S0 4 and z || b for SrS0 4 and BaS0 4 . The other two magnetic axes lie in the plane perpendicular to this direction. They appear twice, mirrored about the crystal axes. We observe therefore two symmetry spectra resulting from two non-equivalent gadolinium centres of identical (crystal) symmetry.
The principal axes for the g tensor and the hyperfine splitting (not discussed) are the same as those for the ZFS.
Charge Compensation
For trivalent gadolinium at divalent or monovalent sites charge compensation is required. The charge compensation for the main gadolinium centre cannot take place in the immediate vicinity of the impurity ion. This would lead to a strong local distortion of the lattice in conjunction with the disappearance of the mirror plane. In this case, the symmetry would be lowered to triclinic and the spectra would change drastically. Hence, the charge compensation has to take place at larger distances. Charge compensation in the immediate vicinity was also found, but to a lesser extent; it leads to several additional centres with lower intensity which could be observed in some of the spectra.
In principle, the following mechanisms for charge compensation are imaginable: i) hydrogen sulfate or sulfate ions could be incorporated at interstitial sites. Assuming a spherical geometry for the sulfate and the hydrogen sulfate, respectively, with an S-O-distance of 140 to 150 pm in all described sulfates, the anions are 2 to 2.5 times bigger than the host ion and the impurity ion, respectively. The incorporation of such a big ion seems rather improbable due to local lattice relaxations.
ii) The incorporation of a proton on a metal ion site, on principle conceivable by sample preparation from concentrated sulfuric acid, seems similarly improbable, again due to the extreme lattice relaxation. 
Temperature Dependence
Since no phase transitions were observed, the temperature effects are essentially confined to small variations of the ZFS parameters, cf. Tables 1 and 2 . The dominant parameter | B 2 | increases for all compounds upon decreasing temperature. This is connected with an increase of the total width of the EPR spectra. Most other ZFS parameters display only rather small and non-systematic dependences on temperature.
Distinction between implicit effects on the parameters caused by the influence of the temperature on the volume of the crystal, and explicit effects by the interaction of the electronic groundstate with excited states via lattice vibrations [17] , is not possible, though implicit effects would explain the tendency of the changes of B°2. But explicit effects may have a similar influence.
A measure of the axial distortion and therefore of the immediate ligand environment is B^/Bj. If the lattice contraction would be the same for all investigated materials, this ratio was expected to change in the same way. This is, however, not the case. Upon decreasing the temperature from 298 K to 77 K, for BaS0 4 , HgS0 4 and PbS0 4 host crystals the ratio increases up to 15%, for CdS0 4 this increase amounts to 70%, whereas for SrS0 4 there is a decrease of about 8%.
Correlation of EPR Data and Crystal Structure
The most remarkable correlation between EPR data and crystal structure is found between the absolute values of the dominant ZFS parameters | B 2 1 and | B\ I and the mean metal-oxygen distances in the lattices as shown in Figure 6 . 
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Hgstf4 (4) CdS04 ( the crystal field strength at the location of the impurity ion. In first approximation this leads to an increase of the ZFS, which is mainly described by the parameter \B°2\. However, the cell parameters a, b and c of the host lattices do not show such a clearcut dependence, because their influence on the first ligand sphere (which mainly contributes to the ZFS) is comparably weak.
There exist many examples in the literature where the ZFS shows a clearcut dependence on the ionic radii [18] of the host compound metal ion, e.g., [2, 19] [20] which is included in the figure, and where Gd 3+ occupies the monoclinic site of the divalent metal ion, as well. Here charge compensation is also supposed to take place at larger distances. Although data are rare, there seems to be a general tendency for monoclinic Gd 3+ incorporated in sulfates to obey some kind of linear relationship as depicted in Figure 7 . Furthermore it is concluded that in monoclinic sulfates which do not obey such a linear tendency, charge compensation takes place in the vicinity of the impurity ion and not at distances. CdS0 4 • 8/3 H 2 0, which was measured by Kumaraswamy and Sobhanadri [20] , for example, exhibits monoclinic spectra with a ZFS of 1.917 GHz and 2.487 GHz for the two crystallographically inequivalent Cd
2+
sites. This means a remarkable deviation from the linear tendency stated above, cf. •CdS04*8/3 H20 § (l)
• CdSO/8/3 H20 § (ll) 
